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Introduction 

In Two Stage Liquefaction, coal is dissolved and partially hydrogenated 

The unreacted coal and ash are removed by antisolvent deashing and the 
in the short contact time first stage t is ing process derived solvent as vehicle 
o i : .  
product oil is upgraded in a separate catalytic reactor (Stage 11). 
scheme is proposed as a means of converting coal to distillate with higher 
yield, reduction in hydrogen consumption, and minimal catalyst poisoning since 
no catalyst is used in the first stage. A number of papers have been published 
discussing various aspects of this technique (1,2,3,4,5). 

of bauxite, limonite, and molybdenum ore concentrate is added to the first 
stage and its effect on the yield and quality of the product oil from the 
second stage is studied. 

This 

In this investigation a disposable ore catalyst consisting of a mixture 

Rationale for the Use o f  Ores as Catalysts 

Our research work (6,7) as well as a literature review reveals that 
cobalt and molybdenum are eminently suited catalysts for hydrogenation and 
hydrodesulfurization of coal, whereas nickel and molybdenum are good for 
hydrodenitrogenation. Other metals like iron, copper, tin, zinc, platinum, 
and tungston have also been found to be effective in coal liquefaction (8). 
The most inexpensive sources of these metals are their ores where they are 
present mostly as sufides or oxides. 

A number of researchers (9,lO) have shown iron pyrites to be an effective 
catalyst in coal liquefaction. Our earlier studies (11,12,13) have shown that 
mixtures of iron pyrites and minerals containing other catalytic active transi- 
tion metals were better liquefaction catalysts than iron pyrites alone. The 
best ore catalysts tested, in terms of high liquid yield and low product oil 
viscosities, were mixtures of pyrites, molybdenum ore concentrate, and cobalt- 
containing ores. 

In this study an acid treated (14) mixture of bauxite, limonite and 
molybdenum ore concentrate was used as a disposable catalyst in the first 
stage. In the second stage a commercial supported nickel-molybdenum catalyst 
was used for hydroprocessing. 

*Inquiries should be addressed to this author. 
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\ M a t e r i a l s ,  Experimental Equipment, and Exper imenta l  Procedure 

The major  m a t e r i a l s  used i n  t h i s  s tudy c o n s i s t e d  o f  b i tuminous coa l ,  a 
coa l -de r i ved  heavy d i s t i l l a t e ,  and a d isposable o re  c a t a l y s t .  B i tminous coa l  
from t h e  B l a c k s v i l l e  No. 2 mine, West V i r g i n i a  ( P i t t s b u r g h  seam) whose p r o x i -  
mate and u l t i m a t e  analyses a r e  presented i n  Table I r a s  used. The v e h i c l e  o i l  
was d i s t i l l a t e  w i t h  a b o i l i n g  range 232-455OC produced a t  . t he  F t .  Lewis p i l o t  
P l a n t  running i n  t h e  S R C - I 1  mode. 

A mix tu re  o f  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and molybdenum o re  concen- 
t r a t e  (analyses o f  ores g i v e n  i n  Table 11) was used as a d i sposab le  c a t a l y s t  
i n  Stage I .  A commerc ia l ly  a v a i l a b l e  suppor ted Ni-Mo-alumina c a t a l y s t  from 
American Cynamid Co. (HDS-3) was used as a hydroprocess ing c a t a l y s t  f o r  t h e  
Stage 11. The c a t a l y s t  and coa l  used were ground t o  minus 200 mesh. Hydrogen 
gas o f  > 99.95% p u r i t y  was used. 

Experimental Equipment 

p laced  i n  a h igh  p ressu re  i n t e r n a l l y  s t i r r e d  au toc lave  o f  one l i t e r  capac i t y .  
The experiments were c a r r i e d  o u t  a t  a s t i r r e r  speed o f  1000 rpm. 
was p rov ided  w i t h  a c o o l i n g  c o i l  t h rough  which water  cou ld  be passed t o  reduce 
the  r e a c t i o n  temperature i f  so des i red .  The au toc lave  had an e l e c t r i c  furnace 
c o n t r o l l e d  w i t h  a p r o p o r t i o n a l  temperature c o n t r o l l e r .  The temperature o f  t he  
r e a c t i o n  mass was c o n t i n u o u s l y  mon i to red  by a temperature recorder .  
t he  autoc lave was p rov ided  w i t h  a thermowel l ,  a pressure gauge, a ven t ,  a 
sampling va l ve ,  and a s a f e t y  r u p t u r e  d i s c .  
t h e  autoc lave w i t h  hydrogen. 

The hydrogenat ion r e a c t i o n  was c a r r i e d  o u t  i n  a s t a i n l e s s  s t e e l  l i n e r  

The au toc lave  

I n  a d d i t i o n ,  

A compressor was used t o  p r e s s u r i z e  

Experimental Procedure 

Each o f  the exper imenta l  runs c o n s i s t e d  o f  two stages. I n  t h e  f i r s t ,  
SRC-11 d i s t i l l a t e  was used as the  v e h i c l e  w h i l e  i n  t h e  second, t h e  l i q u i d  
p roduc t  from the f i r s t  s tage was used ins tead .  
approximate the  use o f  p roduc t  o i l  f rom t h e  Stage I f o r  hydroprocess ing i n  
Stage 11. 

l i n e r .  About 83.6 gms o f  S R C - I 1  d i s t i l l a t e  ( i n  app rox ima te l y  1 : Z . l  r a t i o )  
were then  added t o  t h e  l i n e r .  
c a t a l y s t  was next  added t o  t h e  con ten ts  o f  t h e  l i n e r .  
was f i t t e d  onto t h e  au toc lave  and secu re l y  b o l t e d .  A f t e r  t e s t i n g  f o r  leakage, 
t h e  autoc lave was purged w i t h  hydrogen. 
determined va lue so t h a t  a pressure o f  about 2000 p s i g  (13.79 MPa) was reached 
a t  t h e  r e a c t i o n  temperature. The hea t ing  was i n i t i a t e d  t h e r e a f t e r .  I t  u s u a l l y  
t ook  65-70 minutes t o  heat  t h e  au toc lave  and i t s  con ten ts  f rom room temperature 
t o  r e a c t i o n  temperature. 
p e r i o d  of t ime.  
d u r i n g  t h i s  pe r iod .  
a r r e s t e d  by t u r n i n g  o f f  t h e  power t o  t h e  furnace and c o o l i n g  the  con ten ts  down 
r a p i d l y  by pass ing c o l d  water  through the  c o o l i n g  c o i l .  
a l l owed  t o  coo l  down t o  room temperature by l e a v i n g  i t  ove rn igh t .  The l i q u e -  

Th is  pro$edure was f o l l o w e d  t o  

Stage I L ique fac t i on :  F o r t y  grams o f  crushed coa l  were p laced  i n  t h e  

A pre-determined amount o f  t h e  d i sposab le  ore 
The s t i r r e r  assembly 

I t  was then  p ressu r i zed  t o  a p re -  

The r e a c t i o n  was then  a l l owed  t o  proceed f o r  a g i ven  
The temperature was ma in ta ined  a t  t h e  r e a c t i o n  temperature 

A f t e r  t h e  e lapse o f  r e a c t i o n  t ime ,  t h e  r e a c t i o n  was 

The autoc lave was 
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Table I 

Proximate and U l t i m a t e  Analyses of Coal Sample 

Proximate Ana lys i s  
As Recd. Mo is t .  Free M o i s t . ,  Ash Free 

% % % 

Mo is tu re  1.2 
V o l a t i  1 e 35.8 
F ixed Carbon 51.5 
Ash 11.5 

N/A 
36.2 
52.1 
11.7 

N/A 
41.0 
59.0 

N/A 

U l t i m a t e  Ana lys i s  
As Recd. M o i s t .  Free Mo is t . ,  Ash Free 

% % % 

Hydrogen 5.0 
Carbon 72.0 

S u l f u r  2 .7 

Ash 11.5 

N i t rogen  1.0 

Oxygen 7.7 

4.9 
72.9 

1.2 
2.7 
6.7 

11.7 

B t u / l  bm 12,892 13,052 

1. L imoni te  

Table I1 

Minera l  Ores and T h e i r  Percent 

N i  1.1 
Mg 9.8 
A1 1.4 

2. Molybdenum Oxide Mo 47.0 
Concentrate (Moly. Corp.) Fe 2.8 

S i  3.5 
Mg 0.6 
A1 0.6 
S 0.4 

3. Bauxi te  (Canada) 

5.5 
82.5 

1 .4  
3.1 
7.6 
N/A 

Composi t i on 

S i  
Fe 
C r  

Ca 
cu 
Sn 
Zn 
K 

Mn 
N i  
S 
Sn 
T i  
Mo 
Ag 
Na 

0.1 S i  
0.5 Ca 
0.1 co 
0.7 A1 

10.1 C r  
0 .2  cu 
0.1 Fe 
0.6 K 

Mg 

14,776 

16.4 
20.2 
0.5 

0.4 
0.5 
0.4 
0.2 
0.2 

1.9 
0.3 
0 .1  

28.8 
0.3 
0.1 
5.6 
0.3 
0.1 
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f i e d  products  were then  taken  o u t  o f  t he  au toc lave  and h o t  f i l t e r e d  t o  remove 
unconverted coa l ,  ash, and c a t a l y s t .  
weighed and percent  conve rs ion  and l i q u e f a c t i o n  c a l c u l a t e d .  V i s c o s i t y  of the 
p roduc t  l i q u i d  a t  6OoC was determined u s i n g  a B r o o k f i e l d  v iscometer .  

Stage I 1  L ique fac t i on :  
p roduc t  l i q u i d  from t h e  Stage I. 
used f o r  t h i s  stage. 

The f i l t e r e d  l i q u i d  and res idue  were 

The same procedure was repeated u s i n g  f i l t e r e d  
A commercial suppor ted Ni-Mo c a t a l y s t  was 

Resul ts  and Discuss ion 

The main o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  t h e  e f f e c t  o f  
a d d i t i o n  of a d isposable c a t a l y s t  i n  t h e  Stage I on t h e  y i e l d  and q u a l i t y  of 
p roduc t  o i l  from t h e  Stage 11. 
v i s c o s i t y  o f  the p roduc t  o i l s  a r e  presented i n  Table 111. 

The pe rcen t  convers ion,  pe rcen t  o i l  y i e l d  and 

Percent convers ion and l i q u e f a c t i o n  o f  coa l  a re  d e f i n e d  as f o l l o w s :  
Percent Conversion = ( O r i g i n a l  Coal (macf) - 

Percent L i q u e f a c t i o n  = L i q u i d  Products  x 1 0 0 / 0 r i g i n a l  Coal (macf) 
where macf = mo is tu re ,  ash, c a t a l y s t  f r e e  

Residue (macf)] x 1 0 0 / 0 r i g i n a l  Coal (macf) 

Experiments S.N. 1 through 12 show t h e  e f f e c t  o f  a d d i t i o n  o f  a d i sposab le  
c a t a l y s t  t o  Stage I. Experiments were conducted a t  r e a c t i o n  t ime  o f  30, 10, 
and 6.5 minutes f o r  Stage I ,  whereas r e a c t i o n  t ime  f o r  Stage I 1  was kep t  
cons tan t  a t  30 mintues. 
same as mentioned e a r l i e r  under exper imenta l  procedure. I t  was found t h a t  
pe rcen t  coa l  l i q u e f a c t i o n  f o r  a l l  Stage I r e a c t i o n  t ime  was about 10 pe rcen t  
h ighe r  when the  d i sposab le  c a t a l y s t  was used. S i m i l a r l y ,  v i s c o s i t y  o f  p roduc t  
o i l ,  from b o t h  Stage I and 11, was lower  f o r  a l l  Stage I r e a c t i o n  t ime  when 
t h e  d isposable c a t a l y s t  was used. Product  o i l  f rom Stage I 1  showed about 35 
pe rcen t  reduc t i on  i n  v i s c o s i t y  w i t h  the  use o f  o u r  d i sposab le  c a t a l y s t  i n  
Stage I. 

The o t h e r  o p e r a t i n g  c o n d i t i o n s  were mainta ined t h e  

I n  another s e t  o f  experiments S.N. 13 through 16, e f f e c t  o f  r e a c t i o n  
temperature on p roduc t  o i l  v i s c o s i t y  f rom Stage I1 was s tud ied .  Experiments 
were conducted a t  r e a c t i o n  t ime  and temperature o f  30 minutes and 4OOOC i n  
Stage 11, r e s p e c t i v e l y ,  w i t h  and w i t h o u t  t h e  use o f  t h e  d i sposab le  c a t a l y s t  i n  
Stage I. The f i r s t  stage l i q u e f a c t i o n  was conducted a t  r e a c t i o n  t ime  and 
temperature o f  6 . 5  minutes and 425OC, r e s p e c t i v e l y .  
o i l  from Stage I 1  was found t o  be lower  by  o n l y  about  20 pe rcen t  as compared 
t o  35 pe rcen t  i n  e a r l i e r  exper iments S.N.  9 through 12. T h i s  i s  cons idered 
due t o  lower  r e a c t i o n  temperature i n  Stage 11. 

The v i s c o s i t y  o f  p roduc t  

Solvent  ana lys i s  (15) was performed on p roduc t  o i l  f r om Stage I1  f o r  
experiments S.N. 14 and 16. I t  was found t h a t  asphal tene con ten t  (cyclohexane 
i n s o l u b l e s )  o f  p roduc t  o i l  w i t h  no c a t a l y s t  used i n  Stage I was 12.3 a g a i n s t  
8.3 pe rcen t  when l i q u e f a c t i o n  was conducted i n  Stage I i n  presence o f  t h e  
d isposable c a t a l y s t .  Preasphal tene (THF i n s o l u b l e s )  c o n t e n t  was found t o  be 
0.3 pe rcen t  i n  b o t h  the  cases. 
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Conclus ions 

The d isposable c a t a l y s t  c o n t a i n i n g  a c i d  t r e a t e d  b a u x i t e ,  l i m o n i t e ,  and 
molybdenum ore concen t ra te  when used i n  t h e  f i r s t  s tage o f  t h e  Two-Stage 
L i q u e f a c t i o n  process improved t h e  y i e l d  and q u a l i t y  o f  p roduc t  o i l .  
l i q u e f a c t i o n  y i e l d  i n  Stage I increased by  about  10 pe rcen t  w i t h  t h e  use o f  
t h i s  c a t a l y s t .  S i m i l a r l y ,  t he  v i s c o s i t y  o f  p r o d u c t  o i l  from Stage I 1  showed a 
decrease o f  20-35 pe rcen t  when t h e  d i sposab le  o re  c a t a l y s t  was used i n  Stage 
I. 

Coal 
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